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1. SUMMARY

This reportcoversthe progressmade duringtheentireperiodof a program (Nov. 1982 toNov.

1990) todevelop a 30 GHz monolithicreceivemodule forcommunication antennafeed array

applications,todeliversubmodulcs and 30 GHz monolithicmodules forexperimentalevaluation

and todevelop and deliverfunctionalfourbitphase shifters(asan add-on contract)to

NASA/LcRC and JPL. Key requirementsforreceivemodule includean overallreceivemodule

noisefigureof 5 dB, a 30 dB RF-to-IF gainwith sixlevelsof intermediategaincontrol,a 5 bit

phase shifter,and a maximum power consumption of 250 roW. Key requirementforthe add-on

fourbitphase shifterisminimum loss(approximately8 dB) over thebandwidth 31-33 GHz. In

addition,themonolithicreceivemodule designaddressesa costgoalof lessthan $I,000 (1980

dollars)per receivemodule inunitbuys of 5,000 or more, and a mechanical configurationthatis

applicable to a space-borne phased array system. These requirements arc summarized as

performance goals in Table 1-1.

In Table 1-2 a summary of technical accomplishments is listed out during the whole program

period. The accomplishments are shown with the task numbers. Except the task VII, which was

discontinued for lack of funds, all other tasks were completed along with the delivery

requirements.

In Figure I-1 and I-2 we show the submodule functionsof receivemodule and block diagram of

overallmonolithicreceiverwith gainbudgets. The monolithicreceivercontainsfourfunctionRF

chips namely LNA, IPS,GC, and RF/IF mixer. The main designobjectiveistointerconnectthe

submodules to produce the complete receive module.

In Section 2 we will discuss each technical effort by task number. The circuit layout, experimental

results, and conclusions will be given for all submodules. In section 3 we will discuss future

improvement plans and recommendations for integration of the module.

w
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TABLE 1-1. NASA'S KEY PERFORMANCE GOALS

Design Parameter

A. RECEIVE MODULE

Performance Goal

RF Band 27.5 - 30 GHz

Between 4 -8 GHzIF Center Frequency

Noise Fibre at Room Temperature

RF/IF Gain

Gain Control

Phase Control

Module Power Consumption

Phase and Gain Control

Me,chanicalDesign

Unit Cost

B. PHASE SHIFI'ER (add-on)

RF Band

No. of Bits

Insertion Loss

<5dB

< 30 dB at hi_est level of gain control

At least six levels: 30, 27, 24, 20, 17 dB and

Off

5 bits, each bit + 3" at band center

250 mW in all states. In OFF state, 25 mW

Operate on di#tal input

Fully monolithic construction, compatible with

30 GHz spaceborne phase array applications

Less than $1000 (1980 dollars) in unit buys of

5000 or more

31-33 GHz

4 (180",90",45",22.5")

<SdB

L •
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TABLE 1-2. SUMMARY OF TECHNICAL ACCOMPLISHMENTS WITH

TASK NUMBERS

_T

L

TASK # DESCRIPTION COMMENTS

I

II

III

1V

Device and circuit design for

receive module

Design, fabrication, and

evaluation of 5-bit phase shifter

for receive module using self-

aligned gate (SAG) process

Design, fabrication, and

evaluation of the gain control

block for receive module, using

dual gate FET amplifiers.

Design and development of

ion-implanted mixer (RFflF

submodule) for receive

module.

Completed in the first I year.

Initial fabrication and evaluation completed in

the first I year. Delivery of 25 phase shifters

(out of 100 required) completed in the second 2

year.

Delivery of the remaining 80 phase shifters

completed in the third 3 year.

Initial design and layout completed in the fLrst1

year.

First nm and initial evaluation of a hybrid

amplifier completed in the second 2 year.

A redesign of the gain control block was

completed in the third3 year.

Demonstration of a two-stage monolithic GCA

(with 13 dB gain control) and delivery of 100

GCA chips completed in the fifth5 year.

Development of critical mixer component

(Schottky diode compatible with FET

technology) initiated and preliminary results

obtained in the third 3 year.

Design, fabrication, and evaluation of RF/IF

mixer, IX) 22 GHz amplifier, IF amplifier

completed in the fourth 4 and fifth5 years.

Delivery of 49 dc screened RF/IF mixer IC's

and one mounted mixer chip completed in the

sixth6 year and 10 LO amplifier chips

completed in the fifth5 year.

3



TABLE lol. SUMMARY OF TECHNICAL
TASK NUMBERS

ACCOMPLISHMENTS
(cont.)

WITH

w

DESCRIPTIONTASK #

V

VI

VII

VIII

IX

Design, fabrication, and

evaluation of ion implanted

LNA for receive module

Interconnection of individual

submodules (L,NA, phase

shifter, GCA, and RF/IF

mixer) into a receive module

with bond wires.

Development of monolithically

integrated receive module with

three RF functions namely

LNA, phase shifter and GCA,

and digital control circuits for

the phase shifter.

Assessment of Honeywell

technology and the results

during the program, and

co_arison with the available

technologies responded in the

technical literature.

Record keeping of device and

circuit developed.

COMMENTS

FET design for LNA completed in the fixst t

year. Device evaluation completed in the

second 2 year.

Two stage LNA MMIC (7 dB gain and 6.2 dB

NF) demonstrated and 10 LNA chips delivered

at the end of fifth5 year.

Overall drawing and dimension for the

interconnected receive module completed in the

fourth 4 year.

Development, demonstration and delivery of

interconnected submodules as receive module

(3 in total) completed in the fifth5 year.

First fabrication of a monolithic CTS receiver

initiated in the fifth5 year with three chips

integrated on chip, namely a two-stage LNA, a

reduced size phase shifter and digital control

logic in the fifth 5 year.

RF evaluation of thetwo-stage LNA circuit

produced unsatisfactory results in the sixth6

year, a few process problems detected, butno

second iteration planned due to lack of funding;

the effort stopped in the sixth 6 year.

A report submitted for the receive module in

April, 1988.

ill

Maintained from the beginning of the program.

w

w



TABLE 1"2. SUMMARY OF TECHNICAL ACCOMPLISHMENTS WITH

TASK NUMBERS (cont.)

L

w

X

XI

Reporting.

Design, fabrication, evaluation,

and delivery of four bit phase

shifter (31-33 GHz) for

NASA/LeRC and JPL.

Updated monthly and annual technical progress

reports, monthly and quarterly f'mancial and

management reports submitted as required by

the contract.

First design iteration and evaluation completed

in the seventh 7 year of the program.

Second iteration, evaluation, and RF tested

phase shifter chips delivered to NASA/LeRC

(50 chips) and JPL (35 chips) at end of the

eighth8 year.

1. First year - November 1982-October 1983

2. Second year - November 1983-October 1984

3. Third year - November 1984-October 1985

4. Fourth year- November 1985-October 1986

5. Fifth year- November 1986-October 1987

6. Sixth year - November 1987-October 1988

7. Seventh year- November 1988-October 1989

8. Eighth year - November 1989-October 1990

_ I
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2. PROGRAM IMPLEMENTATION BY TASKS

The objective of this program was to develop a 30 GHz monolithic receive module for

communication antenna feed array applications, to deliver submodules and 30 GHz receive

modules for expe_nental evaluation. During the course of this program, an extra task was added

to develop and deliver 32 GI=Iz4-bit phase shifters fo¢ NASA/_L applications. Key performance

and design goals are mentioned in Table 1-I. In Table 1-2 we summarized the tasks and their

status. In the following selections, we will discuss different tasks and the progress made over the

course of this program. We will go over the tasks serially.

2. I Task I - Receive Module Desi_

This task was completedinthefirstyearoftheprogram (Nov.1982-Nov.1983).The effortwas

directedtowardsadetailedinitialdesignofthecompletereceivemodule and foursubmodules.The

foursubmodulesincludelow noiseamplifier(LNA), a phaseshifter(PS),a gaincontrol(GC) and

an RF/IF mixer(RF/I_. The work was alsodone on thedevicedesignthatwould be suitablefor

specificsubmodule.Ionimplantationwas chosenasthebaselinetechnology,tomake thereceive

module costeffective(thecostgoalwas tohave themonolithicmodule under$1,000).

2.1.1 Phase Shifter D¢_i_

A more comprehensive design was completed for the phase shifter submodule during this task than

the other three submodules. The reason was, the phase shifter delivery was due early in the

program. Two types of phase shifter topology were examined initially [1]; one with shunt FET

switches and the second one with series FET switches. The latter approach was ultimately chosen

because of ease of microstrip circuit layout and less GaAs area. The final topology for the phase

shifter had three switched fine bits (180", 90", and 45"), each using four series FET switches and

one loaded fine bit (22.5") using two shunt FET switches. A detailed loss analysis and topology

selection procedure for the phase shifter is given in section 1.1.2 of the report [1]. Figure 2-1

shows the chip layout and the schematic of 180" bit. The design includes 400 I.tmwide FETs with

loops for given off state resonance at the center of the band. The electrical fine length difference

between two states gives the required phase shift. To maintain the same and low insertion loss

between the two states, the "ON" state insertion loss of the switches should be as low as possible

and the "OFF" state insertion (or isolation) as high as one could achieve. By choosing a proper

gate width, it is possible to come to a compromise between the isohtion and insertion loss. The

methodology is discussed in [1], section 1.1.2. Figure 2.2 shows the calculated performance of a

3-hit switched fine phase shifter, (180", 90", and 45") and Figure 2-3 shows the calculated
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insertionlossenvelopeforsucha 3-bitphaseshifter.

loadedlinewas fabricatedlaterinTask II.

A four bit version with 22.5" bit as the

2.1.2 .Q.g_l_C..o.lll_

Therewere two criticalrequirementsforthissubmodule-a maximum NF of 14dB atIdB

attenuation state and a maximum allowable phase change of_+5" over 13 dB change in gain. The

submodule was to provide five levels of RF to IF gain (30, 27, 24, 20, and 17 dB) and an OFF

state. Keeping the above two requirements in mind, a two-stage dual-gate FET amplifier, followed

by a variable passive attenuator was chosen for the gain control. Figure 2-4 shows such a scheme.

Initial design on a two-stage dual-gate FET amplifier was made under the Task I using 100 I.tm

FET. Figure 2-5 shows the circuit schematic and computer optimized gain of such a two-stage

amplifier. Subsequent iteration of the gain control would include the passive attenuator on the

same chip.

2.1.3 RF/IF Submodule

This submodule was to provide three functions:

1. Convert the 27.5 to 30 GHz input RF signal to the IF (5.5 GHz) in a mixer;,

2. Amplify an external reference signal to provide a local oscillator input (22 GHz) to the

mLxer,

3. Amplify and buffer the mixer IF output to drive the IF amplifiers.

Balanced Schottky Diode Mixer - The baseline mixer design approach was the balanced Schottlcy

diode mixer with a rat race hybrid shown integrated with the other elements of the RF/IF

submodule in Figure 2-6. The input signal inserted on the fight side of the chip, is shifted in phase

by 90" to one mixer diode, and 270" to the other. The diodes are connected 180" out of phase to

suppress noise from the local oscillator amplifier and reference signal, while combining the IF

signals in phase. The diodes are connected to IF frequency and tic ground by vias through the

substrate; open circuited stubs are used to ensure a high quality ground for the signal and local

oscillator.

The mixer employs a pair of surface oriented Schottky barrier diodes so that fabrication is

compatible with that of the FETs. Good results [10] were reported using many small diodes in



Vms.

parallel to lower the overall series resistance. The diodes that were used in this program is shown

in Figure 2-7, By decreasing the capacitance of the individual diodes while maintaining an

approximately constant value of series resistance these methods should be useful at 30 GHz.

22 GHz LO Amr_lificr-The requirementsforthe22 GHz localoscillatorincludeda gainof24 dB

and a noisefigureof5 dB. Otherthanfrequency,therequirementsaresimilartotheRF low noise

amplifierusedforthe"frontend"ofthereceiver.IETs withI00 gm gatewidthwere usedforthe

LO amplifier.

To assessthenoisefigureand gaintrade-offsfortheI00micronFET at22 GHz, thenoisefigure

and gaincircleswere calculatedandplottedon theSmithChartasshown inFigure2-8.The 3

stageamplifiershown inFigure2-9was designedtoachievetherequired24 dB totalgainand yet

realizethesourceimpedance(e.g.,zs= .6+ j 1.2)asseenby thefirststageespecially,tobe inthe

regionofminimum noiseusingFigure2-8asa guideline.

]_.A_3gUT_ - The IF amplifier was primarily needed to buffer the mixer output to drive lower

impedance transmission lines. The requirements included 5 dB gain fi'om 5.5 to 8 GHz. A

preliminary design using a 150 micron FET equivalent circuit in a single stage common source

configuration was developed. The circuit design made use of the so-called "lossy" match

technique, i.e., frequency dependent resistive loss was used to obtain flat gain over a 60%

fractional bandwidth. A gain of about 6 dB was achieved fi'om 5 to 9 GI-Iz.

2.1.4 30 GHz Low Noise Amplifier Submodule

Five stages of GaAs FET amplification were to be used in the LNA. The first three stages were

designed for a noise figure of 4 dB and an associated gain of 6 dB, while the last two stages were

budgeted for slightly higher gains and noise. The number of LNA stages was chosen large enough

to achieve sufficient front end gain to minimize the effects of noise figure contributions and losses

of following submodule components on the total noise figure of the receive module, which was to

be 5 dB.

Because of the low dc pow_ consumption budget (3V and 20 mA for the complete LNA) and the

theoreticaUy predicted improvement of device noise figure with smaller gate widths, the FETs used

in the LNA had gate widths of 100 microns with 0.25 tun length. Although even small gate

widths are desirable from an efficiency and noise figure point of view, a lower limit on gate width

exists because of impedance matching considerations. In particular, too small a gate width results

in high impedance levels which are difficult to match to 50 ohms (especially for the lET output



circuit). This is due to design constraints imposed by the physical limitations of monolithically

fabricated reactive circuit elements. The most _ consequence of this difficulty is bandwidth

reductiondue to largeimpedancetransformationratios.

An initial design for the five stage amplifier is shown in Figure 2-10. The bET equivalent circuit

discussed in Section 2.1.5 was used for the FET devices. As shown in the figure the gain is the

required 32 dB+ .5 dB from 27 to 31 GHz. Input impedance matching took into account the

gain/noise figure trade-off especially for the first stage. As shown in the figure the design utilized

similar circuit elements which were relatively easy to realize monolithically on a 0.15 mm thick

substrate.

w

2.1.5

Under Task I, device design was directed towards 400 micron switching bETs for phase shifter

design and 100 lain FET for LNA design. For the switching bETs, the main design requirement

was low "ON" resistance; SAG (self-aligned gate) technology was found suitable to meet this

requirement. It was estimated a source drain resistance of 5 f_ (for 400 grn) could be achieved

with this technology to bring the insertion loss to 1.5-2 dB per bit.

!

i

w

w

w

The devices for low noise amplifier had to meet the foUowing requirements:

(i) low noise figure with sufficient associated gain

(ii) low power consumption

(iii)processingreproducibility

Gain and noisefigurecanbe improvedby minimizingthegatelength,forthisreasone-beam

lithographywas chosenforexposing0.25laingate.The gateresistanceand gate-sourceresistance

also affect the gain and noise performance. Considerations were given to minimize these

resistances [1]. An initial estimate of the equivalent circuit and noise parameters were made [1]

using published equations. The resultant equivalent circuit model is shown in Figure 2-11 for 0.25

x 100 lain2 bET. Figure 2-12 shows the gain and noise circles for such a bET at 29 GHz. The

analysis of these devices showed the gain and noise figure specifications of the LNA could be met

by such devices.

2.1.6 Overall Receiver

The functional configuration was shown in the previous section 1. The gain, noise figure, dc

power consumption, overall noise and gain performance was shown in Figure 1-1 and Figure 1-2.

Four submodules were interconnected on a single 3x9 mm 2 carrier plate to form the interconnected

L__
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receive module (Figure 2-13). F'm-line waveguide to microstrip transitions were used for LO and

RF, the IF was taken through SMA by a 50 line. An important feature of this fixture is that the

chip would be enclosed in a waveguide below cut-off. This provides an inherent RF shielding and

good isolation between input and output.

2.2 Task II: Phase Shifter Fabrication and Evaluation

=

w

P

P

w

The objectives of this task were the following:

i) design, fabricate and test a 5-bit phase shifter, each bit + 3" at the center band over 27.5-30

GHz;

ii) deliver 100 of these monolithic chips to NASA/LeRC

The effortswere startedatthebeginningofthistaskto selecta propertechnologywhich would be

bothreliableand reproducible.Two approacheswere tested,one withpower FET fabricationand

theotherwithselfalignedgate(SAG) fabricationtechnique.Two resonantFET switches

configurations(shuntand series)were alsotested.One bit180"phaseshifterwas testedusing

shuntFETs; and a multibit(3bit)phaseshifterwas alsodesignedand testedwithseriesFETs at

thebeginningoftheprogram.Figure2-14shows thelayoutofa singlebit180"phaseshifter.

Figures2-15,2-16(a)and 2-16(b)show themeasuredinsertionphase,rftestfixture(cover

removed)and themeasuredinsertionloss(including1.4dB fixtureloss)respectivelyforone of

these180"bitchips.The SAG technologyshowed an encouragingtrendforloweringthe"ON"

resistancebelow 8 ohms for400 pandevice.The "ON" resistancevaluewas verifiedby modeling

the measured phase shifter performance with the FEr pamn_ters. Figure 2-17 shows the multi-bit

phase shifter (180", 90", and 45" bits switched line type and 22.5" bit loaded line type) and an

enlarged view of the 90" phase shifter. The initial results for this multibit phase shifter is shown in

[I].

Sincetwo technologieswere beingdeveloped(SAG and power FE'D,overmultiplerunsthe

power FET process proved as good as SAG in terms of low "ON" resistance (.: 8 ohm) and

showed a higherRF yield.So a finalmask setwas designedwiththefollowingmain criteriain

mind;

i) extension of loaded line phase shifter design to include the 5th 11.25" bit;

ii) inclusion of an on-chip bias tee circuit;

iii) provision in the mask set to include phase shifter fabrication by either SAG or power FET

process to enhancethe yield.

10
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The fifthbit(11.25")was incorlx_ted inthe same 22.5"loaded linebitby adjustingthegate

voltageof theFETs from 0 to-5V inan analogfashion.Figure2-18(a)shows thefinallayoutof

such a 5-bitphase shifterwith biasTees on-chip;Figure2-18(b)shows thelayoutwith fourbias

pads (no biasTee's)as a back up design.The deliveryrun with thesedesignswas implemented

with power lET fabricationprocesshaving recessedgates.Eighty of thephase shiftcrs(Figure2-

18(a))were visuallyinspected,dc testedand deliveredtoNASA on June 10, 1985. Additionally,

two phase shifterchipswere rftestedand mounted on chipcarriersand a thirdwas similarlyrf

testedand mounted inthetestfixture.These threechipsalong with a comprehensive setof rfand

dc datatakenfzom a totalof fivechipswere alsodelivered.Priortothisdelivery,twenty 3-bit

phase shiftersubmodules includingtwo rftestedones and a testfixturewith a mounted 3-bitphase

shifterwere deliveredinOctober,1984 [2].These deliveriescompleted thephase shifterdelivery

requirementtoNASA. Figure2-19 shows therfperformance of the 5-bitphase shifterwithon-

chip bias(Figure2-18(a)).Figure 2-20 shows therfperformance of the5-bitphase shifterwith

backup approach. In thedesignofFigure 2-I8(a),the insertionlossatthecenterof theband (30

GHz) was 8 + 1.5 dB; the phase characteristics were broadband. The loaded line circuit provided

10-15" of additional shift instead of 22.5". Because of this, the loaded line could not produce the

additional 11.25" bit as predicted. So Figure 2-18(c) shows the results for 16 states. On the other

hand, for the backup design of Figure 2-18CO), it was possible to produce the additional bit of

11.25" as shown in Figure 2-18(d). The responses shown in Figure 2-18(c) and 2-18(d) were

typicalof thephase shifterfabricatedinthe9th and finalrun. The gatepad capacitanceinthe

backup design (Figure2-20) showed tohave effecton thedifferentialphase shift(,page7 of [2]).

The gateloadingwas explainedin [I]on theperformance of thephase shifter.

2.3 Task III: Gain Control Amplifier Fabrication and Evaluation

The requirementsforgaincontrolsubmodule have been alreadydiscussedinSection2.1.2.The

mask forgainconlzolcontainedthe followingthreebasicreticles:

(I) discretedual gateFET,

(2) singleand dualgateFETs with inputmatching,

(3) 2-stagedual gateamplifier.

These three basic element layouts are shown in Figure 2-19(a), Co), and (c). The discrete dual gate

bET consisted of a 0.25 x 100 lain 2 bET with two sets of fingers. The dual gate device had an on-

chip MIM capacitor for RF grounding the control gate. The input matching circuits consisted of a

high impedance transmission line with a grounded capacitor at one end. A picture of fabricated

11
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dual gate FET is shown in Figure 2-20 along with the tic characteristics. The RF results on

discrete dual gate FETs showed a gain of 10 dB at 30 GHz with a gain conu'ol ability (by varying

the second gate voltage) of nearly 30 dB. It was also revealed that the device was unstable and the

output reflection was greater than one. A closer look at the simulation showed the source of

instability was due to a common ground used by the source and the second gate. Figure 2-21

shows the schematic of the old dual gate (unstable) along with the schematic of the new dual gate

FET (stable); in the new layout the ground of source and the second gate was made separate. A

new mask was created with the modified dual gate layout with 20 two-stage dual gate amplifiers

per reticle. Besides these complete two-stage dual gate amplifiers, there were two versions of

single stage dual gate amplifier for checking out the input and output matching circuits. Figure 2-

22 shows all the layout for these three amplifiers. The new modified dual gate FET [2] layout is

shown in Figure 2-23. The new f'mal equivalent circuit for this device is shown in Figure 2-24.

The schematic of the two stage amplifier is given in Figure 2-25. The final fabricated circuit was

measured with some on-chip rf tuning as shown in Figure 2-26. The amplifier showed a gain of

12 dB at the center of the band 27.5-30 GHz (Figure 2-27). It had a gain of 12 dB at the center of

the band and the 2 dB bandwidth was 2 GHz, slightly less than the design bandwidth of 2.5 GHz.

The phase shift envelope was 20" at the center of the band and increased to approximately 45" at

the band edge of 27.5 GI-Lz, over the desired range of gain variation. The input return loss was

less than 5 dB over most of the band and output return loss was poorer due to the high output

impedance of the dual gate. The results were reported in 1987 symposium paper [3]. A total

delivery of 100 chips was made at the end of this effort (47 chips were delivered at the end of

second "best effort" iteration, and 53 chips delivered at the end of the third and final iteration).

This was the first gain control circuit demonstration in Ka-band [4].

2.4 Task IV: RF/IF Submodule Fabrication Evaluation and Delivery

The main functions of this submodule are mentioned in 2.1.3. The submodule consisted of three

parts, namely balanced Schottky diode mixer, IF amplifier and 22 GHz LO amplifier.

2.4.1

Figure 2-28 shows the actual fabricated chip of the mixer with modified rat race hybrid. The

circuit consisted of a rat race hybrid, two Schottl_ diodes, filters and signal ports. Figure 2-29

shows the RF signal and IX) magnitude balance at the two diode ports. The diode area selection,

resistance and capacitance calculations are given in an annual report [2, page 18]. Figure 2-30

shows the CALMA layout of ion-implanted mixer diode with 1 gm $chottky contacts for reducing

12
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the contaci resistance. It needs to be mentioned it was a fhst ever effort to develop a planar, ion

implanted, FET=compadble mixer process using 3 inch wafers with direct step-on-wafer and

optical projection lithography. Since two distinct device structures were needed in the RF/IF

module (the local oscillator reference and IF amplifiers needed submicron FETs and the mixer

needed high cutoff frequency Schottky mixer diodes), a flow chart of the process developed under

HI IR&D programs is described in Figure 2-3 I. A detailed description can be found in [5]. The

measured conversion loss for two mixer chips from the first iteration is shown in Figure 2-32.

The loss went as high as 15 dB at some frequency in the band. This performance degradation was

traced to the high VSWR at signal and local oscillator ports. The key reason for high VSWR was

high diode junction resistance. The diode resistance after a series of measurements was found to

be 300-400 instead of 115 (with which the mixer was designed) with 1.5 mA of rectified

current. In the final design of mixer, the diodes had 21 one-micron dots connected by airbridge for

minimum parasitic capacitance. A cross-sectional view of such a diode is shown in Figure 2-33.

The measured I=V characteristics of such a diode is given in Figure 2-34. The zero bias junction

capacitance was measured as .0517 pf and the "ON" series resistance was 5 fl. The ideality factor

was ~ 1.06. The final mixer layout is shown in Figure 2=35. Performance of such a mixer was

evaluated with a 22 GHz oscillator source, the measured conversion loss vs. signal and IF

frequency is shown in Figure 2-36 at a local oscillator power level of 13 dBm. The minimum

conversion loss was found to occur at this local oscillator power level (Figure 2-37) over the band

of interest. The mixers developed during this program demonstrated the following for the first

time,

I) IF frequencies higher than any other completely planar microstrip mixer

2) ion implanted mixer diode cutoff frequencies beyond those any other diodes.

A total of 49 mixer chips were visually inspected, dc tested and delivered to NASA. One mounted

mixer chip was also delivered along with those 49 chips.

2.4.2

The schematic for a single stage IF amplifier is shown in Figure 2-38. The corresponding layout is

given in Figure 2-39. The calculated frequency response of the amplifier is shown in Figure 2-40.

Due to process related problem, on-chip IF amplifiers did not function properly due to degraded

PET characteristics. No delivery was made of IF amplifier.

2.4.3 22 GHz LO Amnlifier

w
13



Theampl/fierwasdesignedwith 0.25x 100I_m2gateFET. Figure2-41showstheschematicof

the three stage amplifiers with the simulated gain characteristics. The circuit was checked with

equivalent circuit parameter variation; it still showed reasonable gain (20 dB) at 22 GHz in the

extreme case of more than 50% variation in Cgs and 30% variation in gin. A fabricated chip of this

3-stage amplifier is shown in Figure 2.42. The chip dimensions were approximately 2.3 x 0.8 x

0.15 mm3. The measured gain vs. frequency characteristics am shown in Figure 2-43. Ten local

oscillator amplifiers were delivered to NASA in 1987.

2.5 Task V: Low Noise Amplifiers

w

The discretedevice.s(MESFETs: 0.25 x I00 fun2)were fn'stcharacterizedforgain and noise

figureperformance. A singlegateFET withinputmatching circuitwas alsocharacterized.Two

typesof materialwere alsoexamined, ion-implantedand VPE. Devices fabricatedon ion-

implanted materialproduced 8.2 dB gainwith 3.4 dB noisefigureat 17 GHz and 3.8dB gain with

4.6 dB noise figure at 30 GHz. Devices on VPE material achieved 8.3 dB gain with 2.5 dB noise

figure at 17 GHz. The s-parameters were also characterized. Figure 2.44 shows the measured

S11 and $22 for 0.25 x 100 _ ion implanted FETs. The devices fabricated on VPE material

showed a higher input capacitance and higher transconductance than those for ion implanted

devices. The total gain turned out to be the same for both ion-implanted and VPE devices. It was

decided to follow ion implantation process for compatibility with other submodule fabrication.

Based on the measurement of the discrete devices, an equivalent circuit was derived Figure 2-45

and four different low noise amplifier designs were made. They were:

LNAIA A single stage amplifier based on the 0.25 x 100 IJm2 FETs

LNAIB A single stage amplifier with different input and output matching networks than

LNAIA

t.NA2A A two-stage amplifier based on 0.25 x 100 ttm 2 gate FETs

LNA2B A two-stage amplifier with different matching networks than LNA2A.

Figure2.46 shows allthesefourlayoutsfortheamplifiers.The two stageLNA was toserveas a

buildingblock forthe32 dB "front-end"LNA. The chip sizefortwo-stageLNAs was 2.3 x 0.71

x 0.15 mm 3.

The final circuit (LNA2B) was treasured with on-chip modification as shown in Figure 2-47. The

response before and after the modification are shown in Figure 2-48. A total of ten unmodified

two-stage LNA was delivered to NASA. A modified version of the LNA was used in the receive

module delivered to NASA. The low gain of the LNA caused a high overall noise figure for the

receive module.

14
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The submodule performance goals as well as performance goals of the interconnect receiver are

summarized in Figure 2-49. The interconnected receive module was to consist of four monolithic

chips, the low noise amplifier, phase shifter, gain control amplifier and the RF/IF downconverter.

The receiver was to have a conversion gain around 30 dB with an overall noise figure of 5.0 dB.

The gain control amplifier had an adjustable continuous gain control from -1 dB to 12 dB. A 5-bit

phase shifter was used for phase control. To demonstrate the 30 GHz receiver with existing Its,

a preliminary version of the receiver was assembled and demonstrated with three chips, a two stage

LNA, a two stage gain control amplifier, and a phase shifter. These chips were individually tested

to screen out RF bad chips before being interconnected. Fig. 2-50 shows the chips in a single

housing having standard waveguide input and output ports. The de blocking between chips and

simple bias filtering were achieved on quartz substrates (Fig. 2-51). The RF testing of the

interconnected receive module included gain/loss measurements, relative phase shift measurements

and noise figure measurement. A full set of measurement data was delivered to NASA at the time

of actual demonstration of the receiver at the NASA/LeRC. The data are also given in appendix B

of [5]. Figure 2-52 shows the gain vs. frequency characteristics for the receive module at five gain

settings across the band 27.5-30 GHz. The corresponding relative phase shift is shown in Figure

2-53. Worst case phase envelope for the five different settings was _+12" at the band edges Figure

2-54 shows the relative insertion phase characteristics as the phase shifter chip was cycled through

sixteen states. Nearly full 360" coverage was obtained a the upper band edge, while reduced

coverage of about 310-320" was obtained in the lower half of the band. Finally, in Figure 2-55,

the insertion gain envelope is plotted for all the sixteen states. It is + 2 dB over the whole band.

Noise figure data was taken at center band for the nominal gain settings of + 12, 9, 6, 2, and - 1

dB. Table 2-1 shows the data. The best noise figure of 14 dB was obtained at the maximum gain

setting of 12 riB. TILree such interconnected receiver modules were delivered during the program

period.

2.7 Task VII: Monolithic CTS Receiver Develovment

The goal for this task was to integrate monolithically the front end RF submodules (LNA, phase

shifter and the GCA). To accomplish this on a single chip, the phase shifter size had to be reduced

significantly. A six-stage LNA had to be incorporated also to increase the front-end gain. An

initial mask with the following items was generated.
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• A re:laced size 5-bit phase shifter

• A two-stage LNA

• Digital control circuits

• Four and six stage LNAs

• Test FETs and circuits

The fu'st three items above were a combined layout representing a single monolithic IC, and the last

two were separate ICs. Figure 2-56 shows the reticle layout for the whole mask. The designs

were based on 4 mil GaAs substratc. The design philosophy of designing four and six stage

LNAs are given on page 73 of [5]. Figure 2-57 shows the LNA/phase shifter IC consisting of a

reduced size 5-bit phase shifter.

Fabrication of this CTS receiver mask started in 1987. The process involved multiple implants for

the phase shifter switches, logic FETs and LNA FETs. In addition, the gate level process steps

were carried out separately for each device, because of difference in gate lengths and recess etch

depths. The receiver fabrication used a hybrid lithography process with direct-step-on-wafer

optical exposure for all levels except the LNA gate which was exposed by E-beam direct writing in

a mulfilayer resist. The fabrication was on full 3" wafers. During fabrication of this complex

mask, a few process related problems were detected [5] and corrected. Working phase shifters

with on-chip logic were fabricated and demonstrated. The new phase shifters had two significant

features:

• The size was reduced from 2.5 x 5.5 x 0.15 mm3 to 3.2 x 2.7 x 0.15 mm3.

• On-chip implanted resistors were used to improve the RF decoupling.

The phase shifter was evaluated both in NASA band (Fig. 2-58) as well as in the best frequency

range of operation (Figure 2-59). Figure 2-60 and 2-61 show the insertion loss envelope for these

two bands. Even through the total overall insertion loss was high, the insertion loss envelope was

reduced substantially (nearly + 0.5 dB at the high end, Figure 2-60). The new phase shifter design

also included 2 on-chip logic circuits with two different designs. A photograph of these logic

circuits is shown in Figure 2-62(a). To demonstrate the logic control of bits, one 180" bit was

connected with bondwire to a logic control circuit. The phase and insertion loss characteristics

with 180" bit are shown in Figure 20-62(b) and 2-62(c) respectively. The characteristics were

similar to those measured earlier with the following exceptions:

• The insertion loss was slightly higher.

• The insertion loss envelope was broader at the lower end of the frequency range.
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The highe/- insertion loss could be partly due to the addition of dc blocks, which would keep the

transmission lines in the phase shifter floating at 6 volt for the control logic. During fabrication of

the CTS receiver with corrected set of masks, a few other process related problems appeared.

They have been discussed in [6]. One more circuit, 2-stage LNA was tested for DC and RF

performance. The layout of such an amplifier on 4-mil substrate is shown in Figure 2-63. Figure

2-64 shows the gain and noise figure performance of a 2-stage amplifier. The best performance

achieved was 7.0 dB noise figure with 6.1 dB gain at 28.5 GHz. Gain and return loss data over

full NASA band is shown in Figure 2-65. RF characteristics of phase shifter were also measured

from the same wafer. The characteristics shown in Figure 2-66 for insertion loss and Figure 2-67

for phase response were taken after cutting the control lines at the crossover points as shown in

Figure 2-68. By reducing the coupling between de control lines and the RF line, the phase shifter

performance improved; it shows lower insertion loss and fighter loss envelope.

The circuits, 2-stage LNA and phase shifters, so far reported in this subsection from CTS receiver

fabrication did not involve any backside via-hole process. After completion of backside process on

several wafers, a few 2-stage LNA's were selected for evaluation. The 2-stage LNAs used via-

holes and SI3N4 capacitors. The LNAs did not show any gain in NASA's band of interest. 50 tic

tested ICs (including 2-stage LNAs, 4-stage LNAs, 6-stage LNAs and phase shifters) were

delivered to NASA at the end of this effort. Due to funding reductions in the program, the second

and third iteration designs could not be completed as was originally planned at the beginning of this

program [7].

2.8 Task VIII: Technology Assessment

The objective of this task was to report all the results on Honeywell technology during our

program and compare these with the results reported in _e technical literature. It was an ongoing

task. A technology assessment report was issued at the end of all the tasks (I-VID in April 1988

[8]. It compared all the key technology items developed during this program with the performance

data available in the literature.

2.9 Task IX: Product Assurance

A product assurance program was implemented in accordance with the requirements of section 3.4

of the RFP. Log books concerning device and circuit development and fabrication were

maintained from the outset of the program.
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2.10 Task X: Reporting

Reports included updated work plans, monthly/bimonthly and annual technical progress reports, as

well as monthly and quarterly financial and management reports.

2.11 Task XI: Phase Shifter Development for JPL/NASA

This task was started as an additional program to develop a 4-bit phase shifter for 31-33 GHz

under the direction of NASA/LeRC and NASA/JPL.

We developed two types of phase shifters. The phase shifters axe shown in Figure 2-69 and

Figure 2-70. The first one (Figure 2-69) had three switched line type phase bits (180", 90", and

45") and one loaded line type (22.5"). The second one (Figure 2-70) had three modified switched

line bits (180", 90;', and 45") and one loaded line bit (22.5"). The purpose of the second design

was to lower the total insertion loss, while the first design had higher loss but conservative design.

The modified switched line had FETs resonating at different frequencies. Figure 2-71 shows the

difference of 90" bits between the conventional switched line approach and the modified switched

line approach. The modified approach had two resonating FETs in the two branches (branch 1 and

branch 2), while the conventional one had all the FETs resonating at one frequency (in this case

center of the band, 32 GHz). Figure 2-72 shows the modeling of branch #1 FETs with measured

data. It also shows a comparison of different models; one case the total junction inductance is

evenly split, and the other case is with MTEE model available in CAD tool "LIBRA". The

resonant frequencies calculated using these latter methods were quite off the target frequencies.

This shift in in resonance frequencies affect both the insertion loss and phase of the bit. So it is

required to design the loops properly to set the resonant frequencies right. Figure 2-73 shows the

branch #2 FET model. As may be noted, the FETs in two branches were resonant at two different

frequencies (35 GHz and 21 GHz). Figure 2-74 shows for example the difference in the calculated

insertion loss of two approaches for the 45" bit. Figure 2-75 shows the measured performance

(insertion loss) of these two phase shifters. The modified switched line design peffom'_ best

over 32-33 GI-Iz; the main reason was right angle bend discontinuities (which were used at

freedom in this design) were not properly modeled by CAD tool "LIBRA". The transmission

phase (< $21) of the right angle bends seemed to have discrepancy between the CAD model and

the measured value. When the load line bit 22.5' in the new design was set "OFF' (note the bit

was still connected in series with remaining three bits); the resulting measured response is shown

in Figure 2-75. The response shows, the modified switched line approach gives a lower loss of

1.5-2dB than the conventional approach. When the loaded line bit was turned on, the loss went to
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8 dB (from 5 to 6.5 dB). On the other hand the insertion loss for the switched line case remained

between 7 and 9 dB over 31=33 GHz range for 16 states. Figure 2-76 shows the phase response

of the two types. As mentioned earlier, because of suspected discrepancies in the right angle bend

model of the CAD tool "LIBRA" the phase errors were higher in modified switched line circuit. A

lot of right angle bends were used in the new design. Figure 2-77 shows the reflection at port 1

(180" bit side). The reflection on the loaded line side went down to -7 dB in the worst case for

both types of designs. Both types have been checked with 0.5W of power, there was no

noticeable degradation in any of the performances. At the end of the program, we delivered eighty-

five rf functional chips of the conventional switched line design to NASA/LeRC and NASA/JPL.

In the final review, we also strongly suggested a size reduction (by 30% approximately) and

further reduction in insertion loss by going for a different topology and using 0.25 ttm gate length

for the device. In the whole program, we developed phase shifters using 1 p.rn gate length only.

A gate length of 0.25 _tm will reduce the "ON" resistance by a factor of two minimum. By

changing the 4-bit topology from the present one loaded line bit (22.5") and three switched line bits

(180", 90", and 45") to one loaded line bit (22.5") and three reflective type bits (180", 90", and 45")

one could easily achieve the size reduction of approximately 30%; the latter topology will also cut

down on the number of switching FETs from seven pairs to four pairs only. This would

significantly improve the yield factor. By going for the latter topology and 0.25 _ gate length,

one could, in effect, achieve the following:

i) reduced size

ii) higher yield

iii) lower insertion loss

All the above are considered very important from the system level integration point of view.

3.0 Prom-am Conclusion and Recommendation

The program, during its course, demonstrated the viability of ion implantation technology in Ka-

band; the technology allows easy integration of different components required in receiver

technology.The program has given risetothepossibility of integratingthewhole receiverin one

MMIC. The level of integration may to some extent be decided by the performance compromise.

Even though, not fully implemented in this program, a functional integrated receiver should be the

next step. At the end of this program, along side MIMIC Phase 1 (funded by LABCOND we have

already measured far improved performance for ion implanted 0.25 _ device [9]. The three stage

low noise amplifiers have shown 15 dB gain with 3.8 dB noise figure at 35 GHz. We also

suggest a size reduction in the individual chips by adopting a better topology, this will make it

easier to integrate the chip with phased arrays.

19



==,

Reference

.

a

1

.

.

.

)

.

.

V. Sokolov, L Geddes, P. Bauhahn, "30 GHz Monolithic Receive Module FirstAnnual

Report for Period Nov. 3, 1982-Oct. 3I,1983",Contract No. NAS3-23356.

I0.

P. Bauhahn, C. Chao, J.Gcddes, V. Sokolov, "30 GHz Monolithic Module Third Annual

Report forperiod Nov. 3.,1984-Oct. 31", 1985, Contract No. NAS3-23356.

V. Sokolov, J.Gcddes, T. Contolatis,"Two-Stage Dual Gate MESFET Monolithic Gain

ControlAmplifierforKa-Band", IEEE Microwave and MillimeterWave MonolithicCircuits

Symposium Digest,1987, pp. 75-79.

J.Geddes, V. Sokolov, T. Contolads,"Ka-Band Monolithic Gain ControlAmplifier",

ElectronicsLetters,Vol. 22, No. 9,pp. 503-504, April 24, 2986.

P. Bauhahn, J.Geddes, V. Sokolov, T. Contolatis,"30 GHz Monolithic Receive Module

InterimReport forPeriod Nov. I,1985-Oct. 31, 1987",Contract# NAS3-23356.

J. Geddes, J. Mondal, T. Contolatis, V. Sokolov, "30 GHz Monolithic Receive Module,

Annual Report Covering Nov. 1, 1987-OCL 31, 1988", Contract # NAS3-23356.

J. Geddes, J. Mondal, T. Contolatis, V. Sokolov, "30 GHz Monolithic Receive Module

Annual Report Covering Nov. 1, 1989-Oct. 31, 1988", Contract # NAS3-23356.

J. Geddes, let. al. "30 GI-Iz Monolithic Receive Module Technology Assessment", April

1988, NASA Contract # NAS3-23356.

J. Mondal, J. Deny, J. Geddes, D. Carlson, "High Performance and High Yield Ka-Band

Low Noise MMIC Using 0.25 grn Ion Implanted MESFET", submitted to Electron Device

Letters.

W. Kellneret.al.,"Design ConsiderationforPlanarSchottky BarrierDiodes", SolidState

Electronics,23, pp. 9-15, Jan. 1980.

2O



Further oublications on this work:

lo P. Bauhahn, A. Contolatis, V. Sokolov, and C. Chao, "30 GHz Monolithic Balanced

Mixers Using an Ion-Implanted FET-Compatible 3 inch GaAs Wafer Process Technology",

1986 IEEE Monolithic Circuits Symposium, pp. 45-50.

Q L Geddes, V. Sokolov, D. Carlson, P. Bauhahn, and R. Ramanofsky, "Characteristics of

30 GHz MMIC Receivers for Satellite Feed Array Application", 1987 GaAs IC Symposium

Technical Digest, pp. 155-158.

t V. Sokolov, J.Gcddes, T. Contolatis,and C. Chao, "A Ka-Band GaAs Monolithic Phase

Shifter",IEEE Transactionson ElectronDevices, Vol. ED-30, No. 12,Ipp.1855-1861,

Dc_mbcr 1983.

m
. V. Sokolov, I.Gcddes, T. Contolatis,and C. Chao, "A GaAs Monolithic Phase Shifterfor

30 GHz Application", presented at the 1983 IEEE Microwave and Millimeter Wave

Monolithic Circuits Symposium, Boston, MA, May 1983.

w=.=

7 .

m

2.

21



t=,-

v

r_

RF

IN

I "_ %

:J, LNA."_,
I ""

DIGITAL CONTROL LINES (TTL)

/ \

t \

/ \

/ \

/ \
\

/ \

/

I %

I I 1 i

I I I I

, PS _ t GC I
I I I i

I__ I I I

! '1

t I

, ) ._
l,1 RF IF I1"

i o OUT

I____ "1-- ---- I

I

I

I

I

I

I

LREF PHASE INPUT

AT LO FREQUENCY

Figttrc I-I SubmoduI¢ functions of receive module.

t

I

I

I

INPSJT I

275]0 I
GH.',

L--

1 t

II
LOW NOISE AMPt.IFIER

II

II

..1 L.

NF ualll

GAIN Idlll

vOLTAGE IV) [I

cUqR{NI' ul_i,) 4

TIL LO(;IC StGNAL$

IFOR DIGITAL CONFRULI

I

] DII_I|AL CON|HOi. 1 1 - 18 _ i_.4A,_[ REFERIENCt ._GNAL

____T 22 GHs
__l _. _, _ .__ _ _.,T T .r

. Pt'*AS{ SHIFTER IIi I GAIN CONTROL II I \/LOAM@ IFAMP I

i, _- +6¢ilm I
i I I I

I I I I I ss&o

J I.. JL jGH,

_)OR 6STAG| FET AMP

i

4 4 ( 6 "T it

6 6 6 ? ) -8

3 3 3 3

4 4 4 4 •

I, " ,1' d'8CtUIIM(:}OULE

NOtSi FoGuRE

F • (_.l.dl.

LO o*oof

14 _ I0 S 4 •

ol .._ 1if 34 --e S

4 :3 3

I S _8 8

,m F_- I
_"" t40"d Fo e,,_, +_ ,, t0cHO

c,,.
F.,Rn . lOcl

MUNOI.IIHtC RfCltVl MOP, Utrt

fOIAi I H." POW(III Zt,_O mtlV illkliCLOOIP_ 14ollW FON Ok'_lTA| iL'_N|A/JL,

O_t/_HALI, NUTS[ _'t(,_UI_ 4 _ d_ IMAA GAINI _ 0 ¢1_ IMIN GAINI

14_,II (*rlNVl R_ON GAIN _1_ II_ )n_ex ildis, _ _ i/_N C, AINI

MINIMI;M OII [ C | AIII. I _IGNA{ /U ,lllktt

DYNAMIt HANC_ JO ,lt_. oMAX iGAINI 4J iMi )MIN GAIN,

Figure 1-2 Block diagram of overall monolithic receiver.

%

22 ORIGINAL PAGE IS
OF POON'OUALrry



w

0

0

'r

• / 0

180 ° + 8

Figur_ 2-1 (a)

B0584.1

Schematic of 180" bit with switched lines.

...: •

v

400 MICrOn PETs

Figure 2-I Co) Layout of 180" bit using four series FET switches.

23



il

0.

.£
1=

c

il

1,qo

160

|_0

tzo

[oo

30

6O

40,i

..... Ideal Charactenslic

• CaJculated Points

._ _ _ 180 °
s

s

135 ° _
..,4_ _

900 _ w

t

45 ° ,._ .......

I l 1 1 I t , i

,,_ ;7 7p. zl _:J ]i Iz 1_

Frequency (GHz)

m

w

r

m
z

]

Figure 2-2

!

v

I
.]
C

o

160

140

_?0

lOO

2_'0

<r_O

240

?_0

_90

f
,s

..f
J

.s

....,If

f
J

315° / "_

.,p

.J

/
f

s

t

270%. -. /

s

pip"

225" ..,, -" _"

s
J

s

_J

s

I I I l I I _J 1

Frequency (GHz)

Calculated differentia] _nserdon phase for 3-bk phase shifter (I 80", 90", and 45")

using series FET switches.

24



=

r

r

A

rrt
10

Ul

(/1

o
,-I
c
.9
1::
o
ul
c-a

0

Band of Intere_:

Assumed VaJues R,= = 9f2
for Switching Co, = .09pF
FET Parameters r, = 4.5£t

25

Figure 2-3

! I I l ! [ I
26 27 28 29 30 31 32 33

Frequency (GHz)

Calculated insertion loss envelope for eight states of 3-bit phase shifter

¢.

GATE 2 CONTROL VOLTAGES

L

I,

IN_, -2dB

GATE GATE
FET FET

UNBIASED S4r/aS
FETS

OVERALL
GAIN STATES (dB)

CORRESPONDING
RECEIVER

RF/IF GAIN (dB)

(1) 3 + 2- 6 =-1 17
(_ 3+5-6= +2 20
'3) 3+5-2= ,'-6 24

6+5-2= +9 27
(_ 6 + 8- 2 = +12 30

,6) -15 -15 - 6 =
-36 OFF

GAIN STATES (G 1) (G 2)
(dB) 3.6 2.5.8

ASSOCIATED

NOISE FIGURE (F 1) (F2)
lOB) 10,9 14.10,10

• VOLTAGEIV) 4 4

WORSI CASE NOISE FIGURE (STATE d) )

F2-1 L-1
FMA x = F1 + +

G1 G1G2
- 13.6aB

BEST CASE NOISE FIGURE (STATE _,)

FMIN = I0.1

MAX. CURRE'NT (reAl

Figure 2-4 Gain control scheme.

25



r

22

21

2O

_ts
•_ 19
v

e-

_u 18O

Figure 2-5

505-2 52 °

2 !_r__l

87.5 ° 47.3 ° 1PF 1.5nil

oo

17

16

15

m

B

Y ¢ •

All TRLs have'_ = 90fl

Reference Frequency = 29 GHz
All FETs = 100/.,'n Gate Width

l I t I I l

26 27 28 29 30 31 32

Frequency (GHz)

Circuit schematic and computer opdmiz..M response of a two-stage dual-gate FET

amplifier.

IF
AMP

IF
FILTER

MIXER DIODES

mm

SIGNAL INPUT

Figure 2-6

RAT HACE
MIXER

RF/IF submodul¢ with RAT RACE hybrid.

26



SCHOI"rKY CONTACT

LEAD

OHMIC

CONTACT

LEAD

h _

r

W

j"
OHMIC C

SCHOTTKY

CONTACT

THROUGH

DIELECTRIC

SCHOTTKY LEAD ON TOi

OF DIELECTRIC •

DIELECTRIC

OHMIC

CONTACT.

SCHOTTKY

CONTACT

OEI_.ETION

REGION

;OF SELECTIVE

IMPI,,ANT

r

_7

Figure 2-7 Diode structure for high mixer performance.

m

w

27



v

N"

E

28 ORIGINAL PAGE 18

oF Poo_ 0UALn'Y



v

62.4 ° 51.6 ° 1PF 731 ° 607 ° 1PF 512 °

28

7.., All TRL's have Z., = 90fl
Reference Frequency = 22 GHz
All FETs = 100/_rn Gate Widths

50_

m

=

o

27

Figure 2-9

26

25

ro

I l I

20 21 22 23 24

Frequency (GHz)

Three stage 22 GHz LO amplifier schematic and calculated response.

50Q 46 ° . 79 ° . 63 ° 46 °, 79 ° . 63 ° 40 ° . 57 °

- Stage I 2 .---" 3 ; "-" ; "" +

5bt._

A

._=

O

34

33

32

31-

30 -

29 "

25

TRL's have Z_ = 909

Reference Frequency = 29 GHz
All Bk::x::kingCap's = 1PF
All FETs 100_='n Gate Width
Chip Layout - 1.58 x 1.25 mm_

! I I I I ! I

26 27 28 29 30 31 32

Frequency (GHz)

Figure 2-10 Initial S-stage LNA desi_ and response.

29



I

/,"

F

b 2.7 .01

C

II,3

gmV 7O0

=

eu_;IER l_. 4

Gate length Lg = 0.25 miCrOnS gm " 16.9 e'Jw'rmS

Unit gate width w = 50 microns ¢ • 2.5 pS

Channel thickness a • 0.15 microns 0.07

Doping density N " 2.5 x 1017 "

Total gate width Z = 100 microns

i

Gate-source spacing Lsg • .75 microns

Gate metal thickness h = 0.5 microns [9.3dB @ 27GHz
Specific contact resistance rc , i0-6 ohm.era Z MAG = L7.SdB@33GHz

a I = 0.22

a2 • 0.15

N1 • 2.5 x IO ll

P#Z • 2.5 x 1017

C,aJcuiatednoLsefigure= 2.5 dB at32 GHz

Units

pF

nH

Figure 2- I I Device dimensions and estimated equivalent circuit of a 0.25 x I00 _m 2 PET.

30



%..

31



LO wAVEGUIDE (WR.-42)

IF OUTPUT I ...- .-_.- / _F ....
I_MAI I .-'_. " _..'" / Ou/vu_
'_ ' _'_'1/'_1"'?'_" / LOGIC _ _ LOINPUT

FrL (_1_ .,-yI''/ _ J i'"_ DRIVER CIRCUITS __ /

___ _ METAL

S CARRIER

/ _ I / RF INPUT / "_'_;L_..,_T _//'=" GAINT=r_ ' PLATE

IRNFp_/;VEGUIDE ,WR-281 _ / "<iff. _......
U LNA ' I

PHASE
SHIFTER

RF TEST FIXTURE INTERCONNECTED RECEIVE MOOULE

Figure 2-13 Interconnected receive module.

_..[

z

w

Figure 2-14

_L

Chip picture of 180" phase bit using shunt bETs.

32

ORIGINAL PAGE t3
oF POO_Ou_.n.y



_c:
[2.

C>
.i

0,')
C

m

C

::t::::
,I

N
-r
©
0

u

t.O
r...,,

N

>.-,_

o 0
t.O L.O

0 "*"

"C: 0

--r

F-

ro

. ,,,,d

U

e"

c-
O

w

33

o_

ORIGINALPAGE1.9
OF Poor _JAcn'Y



00

o
c-
O

_m

O3
C--

m

• C
!

/

T

CO

o

...... _" 0

0

•_ _c - o"_ 0 r_.,

_'T"

i

e_
v

U.,

34 ORIGINAL PAGE IS

oF POORqUALn'Y



L

w

[]

I
!

0

,P,,4

o

0

E,
0

,,,,q

Lr_

o

0

O

o

._'_,
r" .,.4

_ °_

¢'I

_N
N
e-, .'.

_ c

d_

35



I f

I-

I-_

H

C D

I
z

DCI_O

I

I
I

E D

÷

Z

ii !

m_
0_

..o

0

0

(.)

0

o,_

-9,

._.._

m_

i

36

O_RIQ_MAL PAGE iS

O_ PO01_ q_J_TY



m

im

L
m

_I -I-

¢/3
C_

.ml

C

m

v

C_
C_

_o

c.)

C_

C_

I

_y

_L

37



P

w

i

U_
U_

0
._J

_ .o_
N = g

m_

r_

c-
O

g _C

o.-= _._

0

I'-1

o

o

0

0

1.1

"0

e-,

m.

!

A

"0

38

OF POOR OU_L_'Y



A) DISCRETE DUAL GATE FET
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(a) Discrete dual gate FET.

(b) Single and dual gate FETs with input matching.

(c) 2-Stage dual gate amplifier.
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VIA HOLE LOCATIONS

Figure 2-28 Fabricated chip of RF/I_:. mixer submodule using Schottky diodes and modified rat

race hybrid (3.1 x 2.2 x 0.15 ram3).
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Table 2-1 The noise figure data of the interconnected receiver module.

v

RECEIVER NOISE FIGURE DATA

f = 28.75 GHz

GAIN SETTING

"12 dB"

" 9 dB"

" 6 dB"

NOISE FIGURE

14.0 dB

14.8 dB

15.7 dB.

" 2 dB"

"-1 dB"

17.2 dB

18.5 dB
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r

Hor£zon_at 27.5-30GRz

Reference - OdB Center Line

Oucouc Return Loss

tO d3/div "_-

m

b) Ou_pu_ Re_urn Loss

Figure 2-65 Gain and r_mrn loss data for the 2-stage LNA over NASA band.
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Fig. 4 (b). ON State Modeling of Branch #1 FETs
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Figure 2-72 a) Branch #1 FET model with loop.

b) ON state modeling of branch #1 FETs.

c) OFF state modeling of branch #2 FETs.

(t) Modeling comparison with other two approaches.
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Figure 2-73 a) Branch #2 FET model with loop.

b) ON state modeling of branch #2 FETs.

c) OFF state modeling of branch #2 FETs.
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a) Phase response of modified switched line model.
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